This paper proposes a way to determine a rational connection between a two-section or three-section brake valve and the main brake system circuits of a wheeled vehicle equipped with simplex or duo-duplex brake gears. The aim is to determine a rational option to connect main brake system circuits with a brake valve to guarantee the maximum effectiveness of an emergency brake system if any device of the brake actuator of a multiaxle wheeled vehicle is out of order, using the methods of combinatorics. The feature of the proposed way, determining the rational connection of a brake valve with the main brake system circuits of a multiaxle wheeled vehicle, is the application of combinatorics methods, taking into account the features of a brake valve design. New mathematical interconnections between the quantities of the connection points of circuits and simplex and duo-duplex brake gears enable us to determine the rational scheme of the application of the brake gear circuits of a multiaxle wheeled vehicle. Mathematical expressions that enable us to compute the number of possible connection points of two-section and three-section brake gears and simplex and duo-duplex brake gears, which are installed on the axles of a multiaxle wheeled vehicle, have been determined. It is proposed to use a universal mathematical dependence to determine the number of rational options to connect the brake actuator circuits of a multiaxle wheeled vehicle. The diagram of the calculated scheme of the connection between circuits and the two-section or three-section brake valve of simplex or duo-duplex brake gears is presented. It simplifies the determination of the number of rational options to connect brake actuator circuits with the brake gears and brake valve of a multiaxle wheeled vehicle. In review the analysis of requirements to be fulfilled in accordance with international standards is provided and the evaluation of the effectiveness of the emergency brake system of some wheeled vehicles is carried out. The general concept to determine the rational layout of the emergency brake system of a multiaxle wheeled vehicle on the basis of the arrangement schemes of the connection between two-section or three-section brake valves and simplex and duo-duplex brake gears is proposed.
Introduction
International standards require that the brake control of a wheeled vehicle should include a main brake system and a parking brake system as well as an emergency brake system. According to international standards, the system is effective if it provides a minimum deceleration rate of 2.2 m/s 2 for vehicles of categories N2 and N3 and 2.5 m/s 2 for vehicles of categories M2 and M3. The standards also emphasise that in case the pneumatic circuit of a brake actuator has any failure, the remaining effectiveness of a main brake system must have a minimal braking deceleration as follows:
-for loaded vehicles of categories M2 and M3 -1.5 m/s 2 ;
-for loaded vehicles of categories N2 and N3 -1.3 m/s 2 ;
-for unladen vehicles of categories M2 and N3 -1.3 m/s 2 ;
-for unladen vehicles of category M3 -1.5 m/s 2 ;
-for unladen vehicles of category N2 -1.1 m/s 2 .
A percentage of the total effectiveness of a main brake system is as follows:
-for loaded vehicles of categories M2 and M3 -30 %;
-for loaded vehicles of categories N2 and N3 -26 %;
-for unladen vehicles of categories M2 and N3 -26 %;
-for unladen vehicles of category M3 -30 %; -for unladen vehicles of category N2 -22 %. A main operational brake system must provide a minimal deceleration rate of 5 m/s 2 for a vehicle of categories N2, N3, M2 or M3. In percentage terms of the total effectiveness of a main brake system, the effectiveness of an emergency brake system must be minimum:
-for vehicles of categories N2 and N3 -44 %; -for vehicles of categories M2 and M3 -50 %. So, if the effectiveness of an emergency brake system is 50 % minimum of the total effectiveness of a main brake system for vehicles of categories N2, N3, М2 and М3, we will meet all international standards in terms of the effectiveness of the braking of a wheeled vehicle for both an emergency brake system and a main brake system in case any device of a brake actuator is out of order.
Literature review
One of the main requirements for a wheeled vehicle is stable braking without skidding. Therefore, this paper does not deal with a so called "diagonal" scheme of the separation of the circuits of main and emergency brake systems. Close attention is paid to the distribution of a brake system circuits along a wheeled vehicle axles to organise Наука техника. Т. 19, № 1 (2020) Science and Technique. V. 19, No 1 (2020) и an emergency brake system on the basis of a main brake system. International standards allow such a layout of circuits. The layout is frequently used in the brake control of a vehicle of categories N2, N3, М2 and М3.
We will consider an emergency brake system of a two-axle vehicle. The emergency brake system is designed on the basis of a two-circuit main brake system ( Fig. 1 ). 5 Fig. 1 . Scheme of a two-circuit main brake system of a wheeled two-axle vehicle equipped with a pneumatic actuator with simplex brake gears: 1, 2 -front and rear simplex brake gears; 3, 4 -brake chambers of the front and rear axles of vehicle; 5 -pipelines; I -section of a brake valve that is connected with point A where a brake circuit is connected with the corresponding brake chambers of axle;
II -section of a brake valve that is connected with point B where a brake circuit is connected with the corresponding brake chambers of axle; A, B -sequence places where a corresponding circuit is connected with brake chambers 3 and 4 of a front and rear axles
In general, the effectiveness of a main brake system of a vehicle has to meet the condition [ ] In order to guarantee 50 % effectiveness of an emergency brake system, if any device in the circuits of the front or rear axles of a wheeled vehicle is out of order, we will meet conditions: 
Expressions (2) and (3) show that generally the decelerations that are available when a wheeled vehicle is braking can be unequal 1 2 e e j j ≠
that's, if we take into account expression (1), it looks as follows:
where n i -so-called effectiveness factor of the i th circuit that is involved in the braking of a vehicle. Like expression (4), (5) means that, for example, for a wheeled two-axle vehicle the values of the effectiveness factors of the i th circuit are not equal in general case, that's, there is inequality 1 2 n n ≠ (6) then, in a particular case if e j = 5 m/s 2 , expressions (1)-(3) clearly indicate that we will meet the condition 1 2 0.5 n n ≥ ≤
therefore, the effectiveness of an emergency brake system is the minimum value of effectiveness factors i n and a corresponding deceleration . The practice of the brake control design for the vehicles of categories N2, N3, М2 and М3, for example, of special purpose or specialised ones, indicates that it is difficult to meet the condition (7) . As a rule, it is due to controversial requirements that are stated in Annexes 4 and 10 of the international rules No 13 [1] . For example, computation shows that the agricultural vehicle KAZ-4540 [2] has the following ratio of the effectiveness factors of a front and rear axles:
It is obvious that condition (7) is not valid for such a vehicle.
According to the analysis of the research that is conducted at the Department of Vehicles named after A. B. Gredeskul in Kharkov National Automobile and Highway University, in case of (8), in order to meet requirement (5) , it is necessary to guarantee the main brake system minimum effectiveness of 6.25 m/s 2 at the expense of constructive decisions that often complicate and raise the price of brake systems. For example, it is possible to improve the main brake system effectiveness due to the replacement of the simplex brake with the duo-duplex brake (Fig. 2) [3] as it is done in the design of the main brake system of the LiAZ-5256 [4] (Fig. 3 ).
Schemes of drum brake gears: а -simplex scheme with a pneumatic actuator and a wedge; b -simplex scheme with a hydraulic actuator; c -duo-duplex scheme with a pneumatic actuator and a wedge; d -duo-duplex scheme with a hydraulic actuator; 1 -wedge;
2 -main brake cylinder; 3 -brake shoe According to Fig. 3 , if one of the two circuits of the main brake system fails, the brake gears of a wheeled vehicle start operating as a simplex scheme instead of a duo-duplex scheme; it guarantees a wheeled vehicle braking effectiveness at the level of 68 % minimum of the total effectiveness of a main brake system. Condition (5) exceeds the minimum value as the effectiveness factors are n 1 = n 2 ≅ 0.68.
One more way to improve the effectiveness of a main brake system is to increase the number of brake actuator circuits, for example, from two ( Fig. 4) to three (Fig. 5 ). The implementation of a three-circuit main brake system is expedient for vehicles that have three axles minimum and three places minimum to connect corresponding circuits with brake chambers (Fig. 5 ). 7 Fig. 3 . Scheme of a dual circuit main brake system with a pneumatic actuator for a two-axle wheeled vehicle with duo-duplex brake gears; 1, 2 -duo-duplex front and rear brake gears correspondingly; 3, 4, 5, 6 -brake chambers of the front and rear axles of a vehicle; 7 -pipelines; I -brake valve section that is connected with places A and C where a brake circuit is connected with the brake chambers of front and rear axles; II -brake valve section that is connected with places B and D where a brake circuit is connected with the brake chambers of front and rear axles;
A, B, C, D -sequence places to connect a corresponding circuit with the corresponding brake chambers 3, 4, 5, 6 of front and rear axles
The analysis of scientific and technical literature [2, 3, 5] shows that a three-circuit brake system becomes possible to use after the Public Joint-Stock Company Volchansk Aggregate Plant (the town of Volchansk, Kharkiv region, Ukraine) has put into serial production a three-section brake valve ( Fig. 6 ) that was designed by the Research and Production Enterprise Avtoagregat (the city of Kharkiv, Ukraine). Fig. 4 . Scheme of a dual circuit main brake system with a pneumatic actuator of a two-axle wheeled vehicle: 1 -duo-duplex front brake gear; 2 -simplex rear brake gear;
3, 4, 5 -brake chambers of vehicle front and rear axles; 6 -pipelines; I -brake valve section that is connected with places A and B where a brake circuit is connected with the brake chambers of a front axle; II -brake valve section that is connected with place C where a brake circuit is connected with corresponding brake chambers of a rear axle; A, B, C -sequence places to connect a corresponding circuit to the brake chambers 3, 4, 5 of front and rear axles Fig. 5 . Scheme of a three-circuit main brake system with a pneumatic actuator for a two-axle vehicle: 1 -duo-duplex front brake gear; 2 -simplex rear brake gear; 3, 4, 5 -brake chambers of the front and rear axles of a vehicle; 6 -pipelines;
I -brake valve section that is connected with place A where a brake circuit is connected with the brake chambers of a front axle; II -brake valve section that is connected with place B where a brake circuit is connected with the brake chambers of a front axle; III -brake valve section that is connected with place C where a brake circuit is connected with the brake chambers of a rear axle; A, B, C -sequence places to connect a corresponding circuit with the brake chambers 3, 4, 5 of front and rear axles Fig. 6 . Cross-section of a three-section brake valve that is manufactured at the Public Joint-Stock Company Volchansk Aggregate Plant
The use of several circuits enables us to improve the effectiveness of an emergency brake system due to the simultaneous use of two circuits of three ones available if one of the main brake system circuits is out of order.
Calculations show that for the scheme in Fig. 5 the effectiveness factor of the first and second circuits, which take part in the braking of a wheeled vehicle, is 0.41; the effectiveness factor of the third circuit is 0.4, according to (8) .
Therefore, supposing that the first circuit is out of order, the two others left (2 nd and 3 rd circuits) guarantee 81 % of a minimum vehicle braking effectiveness. The same is true if the second circuit is out of order.
If the third circuit is out of order, the first and second circuits are operational and the effectiveness of an emergency brake system is 82 % minimum. It reliably guarantees the minimum deceleration of a wheeled vehicle due to an emergency brake system and it meets the requirements in terms of the effectiveness of an emergency brake system. 
Aim and problem statement
Taking into consideration the above-mentioned, the aim of the paper is to determine the regularities of the emergency brake system effectiveness change of the wheeled vehicles of categories N2, N3, М2 and М3 when we vary the following parameters:
-the number of circuits (two or three) that compose a main brake system; -the number of wheeled vehicle axles (k m ) [6] ; -types of brake gears: simplex and duo-duplex.
Analysis of emergency brake system effectiveness change
To determine the number of the most rational options of the component arrangement of emergency brake system circuits, the experiment planning theory can be used [7, 8] . The total number of the rational options of the component arrangement of circuits can be calculated using this equation
where k -number of the circuits of a main brake system (numbered by Arabic numerals in Fig. 2, 3) ; m -number of possible points to connect circuits (lettered in Latin in Fig. 1, 3-5) .
The number of possible combinations to connect circuits and brake gears can be determined, taking into account a type of a brake valve, on the basis of these expressions:
-for a two-section brake valve 
For further analysis of possible variants to connect circuits and corresponding brake chambers, the following designation will be applied:
-for a dual circuit brake system
-for a three-circuit brake system
In expressions (12) and (13) Roman numerals designate a brake valve section number, which corresponds to a circuit number.
Each section of a brake valve can be connected with several points of brake chambers A, B, C, D etc. So within one section of a brake valve (I, II or III) they will be designated as a fraction, for example, in accordance with Fig. 4 , the designation of section I will be as follows:
and designation of II correspondingly II . C → Taking into consideration the above-mentioned, we will consider the rational options of circuit component arrangements under possible combinations of the points of connection with a brake valve.
For example, for dual circuit main brake systems that have two points to join circuits (Fig. 1 ) expressions (9) and (10) give the following results: So one possible rational option of a circuit component arrangement has two possible combinations of connection, namely, according to (12), we will write A-B or B-A having the effectiveness factor n 1 = n 2 = 0.5.
Under connection shown in Fig. 4 , we will get: Fig. 4 .
In case the connection is made as in Fig. 3 , we will get: There are only four options of a rational circuit component arrangement and fourteen combinations of connection, according to the scheme in Fig. 3:  1 
) A/B-C/D or C/D-A/B; 2) A/B/C-D or D-A/B/C, or option (A/B/D-C or C-A/B/D);
3
) A/C/D-B or B-A/C/D, or option (B/C/D-A or A-B/C/D); 4) A/C-B/D or B/D-A/C, or option (A/D-B/C or B/C-A/D).
The other options for the scheme in Fig. 3 have no sense as the points of connection A/B and C/D belong to corresponding duo-duplex brake gears. Наука техника. Т. 19, № 1 (2020) Science and Technique. V. 19, No 1 (2020) и When connecting a three-axle vehicle equipped with simplex brake gears and a two-section brake valve, we will have a scheme of a rational circuit component arrangement as for the brake actuator scheme in Fig. 4 : Changing from dual circuit systems to threecircuit ones, according to (9) and (11), a three-axle vehicle has the results: When a three-axle vehicle having a threesection brake gear has four points of connection, the number of rational circuit component arrangement and the connections between axles and a brake valve are as follows: When there are five points to connect a threeaxle vehicle with a three-section brake valve, according to (9) and (11), the results are as follows: The calculation shows that there are nine options of a rational circuit arrangement and 150 options to connect axles and a brake valve.
As we can see, the increase of the number of circuits and vehicle axles has the regularities of combinatorics. Therefore, the increase of combinations results in the increase of computation efforts.
As of the brake system effectiveness factor, according to international requirements [1] , for threeaxle wheeled vehicles, we will have the following results:
For vehicles that have more than three axles or more than three points to connect circuits with the brake chambers of corresponding axles, according to scientific and technical literature [6, [9] [10] [11] [12] ], the brake system effectiveness factor can be calculated as follows:
1 ,
where n -share of the j th axle effectiveness in the total effectiveness of a main brake system; k mnumber of wheeled vehicle axles.
On the basis of the j th axle effectiveness share in the main brake system total effectiveness, it is easy to determine the effectiveness factor of the i th circuit that is applied to brake a wheeled vehicle if we add the effectiveness shares of the axles that are connected with corresponding circuits of a vehicle.
The analysis of scientific and technical literature [6] has shown that further computations can involve axles 2, 3, 4, 6, 8, 9, 12 only.
Thus, if we model a failure of a brake actuator circuit, the proposed approach can easily determine a wheeled vehicle braking effectiveness.
For example, let's compute the scheme in Fig. 4 and the results of the computation are provided in Tab. 1 to make the analysis easy. Tab. 1 shows that the most acceptable arrangement option is the connection scheme A/B-C that corresponds to the circuit connection (1-1-2) as this scheme meets the condition (7) if any circuit is out or order. Similarly, we can compute possible variants of the effectiveness factors of the rational emergency brake system circuit component arrangements for vehicles with more axles. For example, the effectiveness factors of the accepted axles are in Tab. 2. Table 2 Possible variants of the effectiveness factors of the rational circuit component arrangements of an emergency brake system on the basis of a dual circuit and three-circuit main brake system Wheeled vehicle axles Emergency brake system effectiveness factors Dual circuit main brake system Three-circuit main brake system 
CONCLUSIONS
1. Emergency brake system effectiveness depends on the distribution of brake forces along the axles of a wheeled vehicle and does not depend on the quantity of axles.
2. Emergency brake system effectiveness increases as the quantity of main brake system circuits increases by 23 % on average if simplex brake gears are used.
3. Emergency brake system effectiveness increases if the quantity of main brake system circuits increases by 27 % on average when using duo-duplex brake gears instead of simplex brake gears.
